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    Chapter 18   
 Tailored Responses to Simultaneous Drought 
Stress and Pathogen Infection in Plants                     

       Aanchal     Choudhary    ,     Prachi     Pandey    , and     Muthappa     Senthil-Kumar    

18.1           Introduction 

 With the changing global climate, a series of  environmental factors   are modifi ed 
concurrently, along with changes in their intensity and timing. Thus plants are 
exposed to combinations of abiotic and biotic stressors whose combined impact can 
adversely  affect   crop performance and survival (Mittler  2006 ; Atkinson and Urwin 
 2012 ).    Of the possible biotic and abiotic stress combinations, simultaneous drought 
stress and pathogen infection is one of the best studied combinations (Mayek-Perez 
et al.  2002 ; McElrone et al.  2003 ; Sharma et al.  2007 ; Király et al.  2008 ; Xu et al. 
 2008 ; Carter et al.  2009 ; Wang et al.  2009 ; Ramegowda et al.  2013 ). Drought is one 
of the most damaging and frequently occurring abiotic factors that can potentially 
alter the outcome of plant–pathogen interactions (Sharma and Pande  2013 ). 
 Phenotypic responses   of plants exposed to drought stress and pathogen infection 
vary depending on the severity and duration of each stress and also differs with 
pathogen type, e.g., fungi, oomycetes, bacteria, or viruses (Olson et al.  1990 ; 
McElrone and Forseth  2004 ; Achuo et al.  2006 ; Xu et al.  2008 ). Based on these fac-
tors, the combination of drought and pathogen infection can have two outcomes. In 
the fi rst scenario, the two stressors can act additively, and result in enhanced damage 
to the plant. For example, drought has been shown to aggravate many fungal 
(Mayek- Perez et al.  2002 ), bacterial (McElrone et al.  2001 ; Mohr and Cahill  2003 ), 
and viral (Olson et al.  1990 ; Prasch and Sonnewald  2013 ) infections in plants. The 
susceptibility is attributed to drought-induced increase in abscisic acid (ABA) in 
plants which then suppresses their defense against pathogens mediated by salicylic 
acid, jasmonic acid, and ethylene signaling. Few other drought-induced physiologi-
cal changes like accumulation  of   osmolytes and nutrient leakage have been reported 

        A.   Choudhary    •    P.   Pandey    •    M.   Senthil-Kumar      (*) 
  National Institute of Plant Genome Research , 
  JNU Campus, Aruna Asaf Ali Marg ,  P.O. Box 10531 ,  New Delhi   110 067 ,  India   
 e-mail: skmuthappa@nipgr.ac.in  

mailto:skmuthappa@nipgr.ac.in


428

to enhance disease in plants by enriching nutrient supply for the pathogens (Mayek- 
Perez et al.  2002 ). Additionally, some pathogens can infl uence plant water relations 
leading to low water potential in plant cells, thereby, increasing the effects of water 
defi cit (English-Loeb et al.  1997 ; Smit and Vamerali  1998 ; Audebert et al.  2000 ; 
Amtmann et al.  2008 ; Goel et al.  2008 ; Mittler and Blumwald  2010 ; Choi et al. 
 2013 ). In the second scenario, the simultaneous exposure to drought and pathogen 
infection can alleviate the effect of either or both the stresses thereby enhancing 
plants tolerance to the stresses. For example, drought stress has been shown to 
increase plant tolerance towards some pathogens like  Botrytis cinerea  and 
 Pseudomonas syringae  (Achuo et al.  2006 ; Ramegowda et al.  2013 ).    Moreover, 
pathogen-mediated alleviation of drought stress has also been reported in some 
cases. For example,  infection   with  Cucumber mosaic virus  (CMV)    led to improved 
drought tolerance of plants like  Capsicum annum, Solanum lycopersicum  and 
 Nicotiana tabacum  (Xu et al.  2008 ). This has been attributed to increased levels of 
osmoprotectants (trehalose) and antioxidants (anthocyanins and ascorbic acid) (Xu 
et al.  2008 ).    Infection with  Tobacco mosaic virus  (TMV) enhanced ABA level in  N. 
tabacum  (Whenham et al.  1986 ),    which points towards the probable role of ABA in 
virus infection-mediated drought resistance in plants.    Thus, ABA might act as a 
global regulator of stress responses and facilitate fi ne-tuning of plant stress responses 
to focus on the more severe threat (Anderson et al.  2004 ; Yasuda et al.  2008 ; Ton 
et al.  2009 ).  

18.2     Plant Responses Under Combined Stress: Tailored 
Responses 

 Plants have developed specifi c mechanisms that allow them to detect environmental 
changes and respond to complex stress conditions. Findings from the recent studies 
suggest that some of the responses triggered under combined stress are different 
from the responses seen in plants exposed to the same stressors individually 
(Rizhsky et al.  2002 ,  2004 ; Anderson et al.  2004 ; Mittler  2006 ; Asselbergh et al. 
 2008 ; Atkinson and Urwin  2012 ). Combinatorial stress results in novel interactions 
 between   signaling components, which makes the response of the plant distinct from 
its response to single stresses. Thus, under combined stress, plants exhibit “tailored 
adaptation strategies,” which are customized specifi cally to the stress combinations 
(Atkinson and Urwin  2012 ). Rather than producing an additive response pertaining 
to each stress, plants instigate some entirely new responses specifi c for each stress 
combination (Atkinson and Urwin  2012 ; Atkinson et al.  2013 ; Prasch and Sonnewald 
 2013 ,  2015 ; Rasmussen et al.  2013 ; Rivero et al.  2013 ; Bostock et al.  2014 ; 
Kissoudis et al.  2014 ; Suzuki et al.  2014 ). This differential response is necessary to 
 effi ciently   balance resource allocation between growth and defense and to help the 
plant respond to stress in a way that does not hamper its fi tness (Herms and Mattson 
 1992 ; Smith  2007 ; Bechtold et al.  2010 ). 
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 Plant’s response to concurrently occurring biotic and abiotic stresses varies with 
the severity, timing, and duration of each of the stressors involved (Atkinson and 
Urwin  2012 ). The detailed study of plant responses to combined drought and patho-
gen infection has revealed that some of the responses shown were similar to that 
evoked under the individual stresses (Fig.  19.1a ). Such responses are thus “shared” 
between a plant subjected to the two stressors separately and in combination. Apart 
from the  shared responses  , several unique responses (indicated in the Fig.  19.1a  as 
“C”) are also seen under combined stress, implying that the response is not merely 
the additive effect of single stress responses (Atkinson and Urwin  2012 ; Atkinson 
et al.  2013 ). In certain situations, plant prioritizes its response towards the more 
severe threat, i.e., the stress which is more damaging and requires immediate 
attention.

   Thus, the  adaptation strategies   of plants under combined stress constitute differ-
ent types of responses depending upon the nature and severity of the stresses (Fig. 
 19.1b ). As mentioned above, the response can be new and not observed under either 
of the individual stress conditions (unique response) or be similar to the responses 
evoked by each of the single stresses (shared responses). However, these shared 
responses can be selectively activated or repressed under combined stress and thus 
be tailored according to the varying severity of the two stresses encountered (priori-
tized responses). In some cases, the stress combination can also lead to nullifi cation 
of the effects of the two stresses on plants (canceled response). Therefore, in order 
to truly characterize the response of plants to simultaneously occurring stresses, 
each stress combination should be studied as an entirely new stress (Mittler and 
Blumwald  2010 ). A brief discussion on the different categories of tailored response 
is provided in the section below. 

18.2.1     Unique Responses 

 Recent studies have indicated that  the   combination of drought and pathogen evokes 
unique responses in plants, which are not seen when each stress is imposed indi-
vidually (Choi et al.  2013 ; Prasch and Sonnewald  2013 ).  These   unique responses 
have been studied only at the molecular level. For example, the exposure of  Vitis 
vinifera  plants to the combined drought and  Xylella fastidiosa  infection for 4 weeks 
led to the modulation of 90 transcripts out of which 39 were unique to the combined 
stress treatment (Choi et al.  2013 ). Similar results were reported in yet another study 
wherein the combined virus, drought, and heat treatment to  A. thaliana  plants led to 
differential expression of 776 unique transcripts (Prasch and Sonnewald  2013 ; 
Ramegowda and Senthil-Kumar  2015 ). These “unique” genes were not seen in tran-
scriptional profi le of the individually stressed plants. Re-analysis of the microarray 
results of Prasch and Sonnewald ( 2013 ) by Ramegowda and Senthil-Kumar ( 2015 ) 
revealed that these unique genes constitute several WRKY transcription factors, 
signaling proteins like receptor like kinases and protein phosphatases.    These results 
suggest that combined stress treatment leads to a reprogramming of gene expression 
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  Fig. 19.1    Hypothetical  model   depicting tailored responses in plants exposed to combined drought 
stress and pathogen infection. ( a ) Venn diagram shows plant’s response to drought (stress I), patho-
gen (stress II), and their combination (stress III, an altogether new stress). DC— responses   shared 
between drought stress and combination stress, PC—responses shared between pathogen and com-
bined stress, and DPC—responses shared among drought stress, pathogen and combined drought 
and pathogen. ( b ) Schematic representation of modulation of plant  adaptation strategies   under 
combined stress. N—response under optimal growth conditions, A—response to drought, B—
response to pathogen infection, last column illustrates the three types of tailored responses under 
combined stress. Row 1—novel responses ( c ) induced only under combined stress. These responses 
are not seen under single stress situations. Row 2 and 3—under combined stress, the adaptation 
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of plants.    The presence of combined stress specifi c unique molecular responses 
have also been seen in case of drought and heat stress combinations (Rizhsky et al. 
 2002 ,  2004 ; Rampino et al.  2012 ; Johnson et al.  2014 ) which further authenticates 
the tailoring of molecular responses to stress combinations. Although not much 
information is available in this regards, this preliminary information supported by 
further studies is useful to unravel the mechanism behind the unique responses seen 
under the combined stress conditions.  

18.2.2     Prioritized Responses 

 Apart from the unique responses, certain responses,    characteristic of the individual 
stresses, are also observed when plants are exposed to combined stresses.    Being 
common to the two individual stress conditions, these responses are termed as 
shared responses. However, these shared responses are further attuned to the com-
bined stress. Plants when challenged with two stresses simultaneously prioritize 
their response towards the more damaging stress, overriding the defense pathway 
for the less severe stress (Prasch and Sonnewald  2013 ; Rasmussen et al.  2013 ). This 
results in suppression of responses to the stress, which is less severe. For example, 
plants exposed to water defi cit and pathogen infection simultaneously often show 
weakened defenses and enhanced susceptibility to the pathogen (Audebert et al. 
 2000 ; Amtmann et al.  2008 ; Goel et al.  2008 ; Mittler and Blumwald  2010 ). In the 
study conducted by Atkinson and Urwin ( 2012 ), the combined effect of drought and 
infection with root-knot nematodes  Meloidogyne incognita  on nutritional quality of 
tomato was investigated.    The physiological responses of the plants were compared 
for different stress treatments and the levels of antioxidants in fruits were analyzed. 
Signifi cantly higher levels of fl avonoids were found in infected plants compared to 
controls, while a little or no change in fl avonoid concentration was reported as a 
result of water stress only.    Interestingly, when the two stresses were applied simul-
taneously, the heightened accumulation of fl avonoids seen under nematode stress 
was reduced to a level which was not signifi cantly different from the control and 
water-stressed plants. This can be explained by the drought-induced accumulation 
of ABA which in turn inhibits the transcription of defense and pathogen-responsive 
genes, thus preventing nematode-induced fl avonoid accumulation (Anderson et al. 
 2004 ). The carotenoids (lycopene and β-carotene) concentration was signifi cantly 

Fig. 19.1 (continued) strategies are prioritized for the more severe stress among the two. In 2 and 
3, response under combined stress resembles the response to drought and pathogen alone, respec-
tively. Row 4—Responses evoked independently under single stresses are absent under combined 
stress. Fig. 19.1 (continued) ( c ) Illustration depicting tailored molecular responses under com-
bined stress. Each symbol represents a gene product and the number represents their level relative 
to control. In row 1 and 2, level of the gene product shared between two stresses changes in mag-
nitude under combined stress. Row 3 depicts response at the gene level prioritized for a particular 
stress, in this case drought. The proposed models are general and can be extended to few other 
stress combinations as well       
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reduced in water-stressed tomatoes but remained unaffected by nematode stress. 
However, under combined stress the expected reduction in the carotenoids level was 
not seen. The antagonism between drought- induced   ABA and ethylene may be the 
reason for observed inhibition in carotenoid accumulation (Anderson et al.  2004 ). 
Additionally, when water defi cit and nematode infection occurred in combination, 
the plant’s physiological response was more similar to that of water stress alone in 
the early harvested tomatoes but to nematode stress alone in the late- harvested 
tomatoes. These results support the hypothesis that plant stress responses are spe-
cifi cally tailored to the exact combination of environmental stresses encountered, to 
the extent that the plant responds to whichever stress is most severe, overriding the 
pathway for the less severe stress (Anderson et al.  2004 ).    The prioritization of 
responses as a mechanism to focus plants metabolism in deploying  their   adaptation 
strategies towards the high impacting stress can be seen as an effective strategy sup-
porting the concept of growth-defense trade-offs in plants (Huot et al.  2014 ).  

18.2.3     Canceled Responses 

 Interaction of two stresses can also lead to amplifi cation of the tolerance responses, 
i.e., when two stresses are imposed simultaneously, their effect on plants get “can-
celed” resulting in enhanced plant tolerance to combined stress as compared to 
individual stress conditions (Rasmussen et al.  2013 ).    Adaptation strategies that are 
not suffi cient to protect the plants under individual stresses act in unison under the 
combined stress and  the   negative impact of the two stresses is canceled. Canceled 
responses were reported under salt and heat stress combination. For example, some 
proteins, induced during salt stress (e.g., choline monooxygenase, chloroplastic 
ATP synthase, V-type proton ATPase catalytic subunit A) and heat stress (e.g., heat 
shock 70 kDa protein) in  Suaeda salsa , were unchanged during combined salt and 
heat treatment (Li et al.  2011 ). Canceled response in case of drought and pathogen 
stresses have not yet been reported. 

 In addition to the above mentioned types of responses that are exhibited by plants 
as a part of tailored adaptation strategy to counter the combined stress, the “tailor-
ing” can also be observed at the molecular level. Combined stress may lead to the 
expression of a new set of genes, which are not expressed under individual stress 
conditions. The molecular response of plants to the two stress conditions and their 
combination also consists of several commonly regulated genes. However, a change 
in their expression level can be seen under combined stress (Prasch and Sonnewald 
 2013 ).    Broadly there can be three different scenarios as indicated in Fig.  19.1c . In 
case I, the gene product reached beyond the additive level under combined stress,    
while in case II, the relative level declined and reached closer to that seen under 
control. Case III depicts prioritization of responses towards a particular stress, 
wherein the gene product related to plant response to one stress (in this case, 
drought) is upregulated at the cost of the gene product involved in defense against 
the other (pathogen stress) (Fig.  19.1c ).   
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18.3     Tailored Responses of Plants to Combined Drought 
and Pathogen Stress 

18.3.1     Morphophysiological Responses 

 A study comparing the responses of ten ecotypes of  Arabidopsis thaliana  under two 
individual and combined abiotic stresses revealed that there were no unique mor-
phophysiological responses evoked under combined stress.    The responses observed 
under combined stress were shared and majorly prioritized for one of the stresses 
(Vile et al.  2012 ). Some recent reports have indicated the prioritization of stomatal 
defense  responses   under simultaneously imposed biotic and abiotic stimuli. When 
 Vicia faba  and  A. thaliana  were subjected to a combination of biotic stress 
( Escherichia coli  or  Pseudomonas syringae ) and several abiotic stresses including 
water defi cit, stomatal responses to abiotic stresses were found to override the 
responses to biotic stresses (Ou et al.  2014 ). Similar inferences were obtained from 
another study on the effect of combined drought and virus infection on  A. thaliana  
plants. The microscopic analysis of length-width ratio of stomata of  A. thaliana  
plants subjected to concurrent  Turnip mosaic virus  (TuMV) infection, heat, and 
drought stress in single, double, and triple combinations revealed that stomata were 
closed under combined treatments of virus and drought, and virus and heat, as well 
as during the triple stress, while heat stress alone or virus infection resulted in sto-
matal opening (Prasch and Sonnewald  2013 ).    Also,  X. fastidiosa,  a wilt causing 
pathogen, infl uenced the water status (indicated by measurement of leaf water 
potential, stomatal conductance and transpiration rate) of  V. vinifera  and thus aggra-
vated the effect of drought on the plants (Choi et al.  2013 ).  

18.3.2     Transcriptomic and Metabolic Responses 

 Till date only four studies have documented the global transcriptome and metabo-
lome changes in plants simultaneously exposed to combinations of various biotic 
and abiotic stresses (Atkinson et al.  2013 ; Choi et al.  2013 ; Prasch and Sonnewald 
 2013 ; Rasmussen et al.  2013 ). The recurrent observation from all these studies is 
that the adaptation strategies of a plant are specifi cally tailored in accordance with 
the combination of stresses it encounters and their severity. As mentioned earlier, 
the molecular responses can be either unique or shared. A study undertaken by 
Rasmussen et al. ( 2013 ) revealed that 61 % of the transcriptome  changes   in  A. thali-
ana  in response to combined stress were not predictable from the responses to sin-
gle stress treatments (cold, heat, high light, salt, and fl agellin). The uniqueness in 
molecular response seen under combined stress stems from the induction of certain 
unique transcripts and from selective activation or repression of transcripts respon-
sive to a particular stress. A total of 23 genes were specifi cally expressed when 
 A. thaliana  plants were subjected to a combination of drought, heat, and TuMV 
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(Prasch and Sonnewald  2013 ). Among these most of the genes encoded stress 
responsive proteins. Ramegowda and Senthil-Kumar ( 2015 ) reanalyzed the tran-
scriptomic data from the above experiment using Bio Conductor package in R sta-
tistical program and reported a total of 1370 genes differentially expressed under 
combined drought and virus infection. Interestingly, out of 1370 genes, 98 genes 
were unique to virus stress and 157 were unique to drought stress, while 776 were 
unique to combined drought stress and virus infection. The  stress-specifi c genes   
upregulated under individual drought and virus infection were 16 and 29, respec-
tively, and the number increased to 72 under combined stress (Prasch and Sonnewald 
 2013 ; Pandey et al.  2015 ). Most of the stress combination specifi c genes belonged 
to the category of transcription factors and other regulatory genes including dehy-
dration responsive element binding 2A (DREB2A) and genes encoding zinc fi nger 
proteins. Other combined stress associated genes reported were those encoding pen-
tatricopeptide repeat containing protein, abi5 binding protein (AFP1), cold-regu-
lated 47, and universal stress protein family protein. A time-dependent modulation 
was shown in the transcriptome of   V. vinifera  plants   upon exposure to combined 
drought and  X. fastidiosa  infection (Choi et al.  2013 ). No signifi cant change in the 
transcriptome was seen in the early phase (4 weeks posttreatment); however, the 
number of differentially expressed genes increased with increasing stress exposure 
(8 weeks posttreatment) and a total of 90 unique transcripts were seen in combined 
stressed plants. An early upregulation of 9-cis epoxycarotenoid dioxygenase 
(NCED), an ABA biosynthesis gene, was also reported only under combined stress. 
These genes are characteristic examples of unique responses under combined stress. 

 Apart from unique responses, prioritized molecular responses have also been 
observed under combined stresses. Rasmussen et al. ( 2013 ) reported that among the 
transcripts resulting in antagonistic responses under combined stress, 5–10 % are 
prioritized under combined stress. In another report, the transcript profi le of  A. 
thaliana , under simultaneously imposed drought and   Heterodera schachtii ,   was 
shown to be more similar to the expression profi le of the plants exposed to water 
defi cit alone than that of the nematode infected plant (Atkinson et al.  2013 ). Prasch 
and Sonnewald ( 2013 ) also provided evidence for  the   prioritization of plant’s 
responses towards abiotic stress at the cost of defense responses against biotic 
stress. The enhanced expression of defense genes that mediates basal as well as 
 R -gene-mediated resistance in virus infected   A. thaliana    was abolished under com-
bined virus, heat, and drought stress. In the combined stress situation, only six   R  
genes   were differentially regulated and none of them were commonly regulated 
between virus and combined stress, indicating changes in the defense program. One 
of the genes exclusively downregulated under combined stress was ribosomal pro-
tein S6 ( RPS6 ).  RPS6  has been shown to mediate resistance via enhanced disease 
susceptibility ( EDS1 ) against  P. syringae  pv.  syringae  effector HopA1 (Kim et al. 
 2009 ) as well as against fungal pathogens. These observations indicate the differen-
tial response of plants towards abiotic and biotic stresses, which resulted in prefer-
ential deactivation of defense responses against various pathogens. 

 The cytoplasmic protein response ( CPR)   marker genes constitute another class 
of shared molecular response under combined drought and virus infection in 
 A. thaliana  (Prasch and Sonnewald  2013 ). It is speculated that enhanced CPR 
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 supports viral-replication and systemic cell-to-cell spread of the virus in the plant,    
resulting in increased susceptibility of the host plants (Mayer and Bukau  2005 ; 
Prasch and Sonnewald  2013 ). 

 Metabolic profi ling of plants subjected to combined drought and TuMV treat-
ment revealed the preferential accumulation of tricarboxylic acid (TCA) cycle inter-
mediates and the amino acids derived from them (Prasch and Sonnewald  2013 ). 
Under drought stress, increased levels of proline help to protect against osmotic 
stress (Hanson and Hitz  1982 ). Interestingly, a combination of drought and virus 
infection resulted in  increased   proline accumulation (Prasch and Sonnewald  2013 ). 
Altogether, the results obtained from transcriptomic and metabolic studies refl ect 
upon the complexity in plant’s responses under the combined stress scenario and 
highlight the fact that the mechanism of plants’ tolerance to combined stresses can-
not be completely understood from single stress studies.   

18.4     Conclusions and Future Perspectives 

 The changing climatic conditions impact plants both in terms of stress severity and 
number of stresses. Hence, understanding the effect of the combined abiotic and 
biotic stresses on growth and development of plants is important. It has been shown 
in recent studies that plants tailor some of their responses to the stress combination. 
This either involves complete reprogramming of plant molecular responses leading 
to the prioritization of responses towards the more severe stress, or modulation in 
the magnitude of the shared responses. The tailored responses depends on the nature 
and intensity of the stresses involved, the age of the plant at which the stress in 
encountered, and the inherent stress tolerance nature of the plant species. 

 Recent studies have shed preliminary, but useful information on the combined 
stress response of plants. Further identifi cation of the genes involved in tailored 
response and their complete mechanistic understanding can help in formulating the 
signaling networks and pathways involved in combined stress response. This can not 
only help in strengthening our knowledge about the unconventional and unique plant 
adaptation strategies but can also provide important leads for the development of crops 
that can effi ciently tolerate simultaneously occurring drought and pathogen stresses.     
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